The interplay of physical and chemical processes in the heterogeneous catalytic synthesis of methanol on the ZnO(0001) surface with oxygen vacancies is expected to give rise to a complex free energy landscape. A manifold of intermediate species and reaction pathways has been proposed over the years for the reduction of CO on this catalyst at high temperature and pressure conditions as required in the industrial process. In the present study, the underlying complex reaction network from CO to methanol is generated in the first place by using ab initio metadynamics for computational heterogeneous catalysis. After having "synthesized" the previously discussed intermediates in addition to finding novel species, mechanistic insights into this network of surface chemical reactions are obtained based on exploring the global free energy landscape, which is refined by investigating individual reaction pathways. Furthermore, the impact of homolytic adsorption and desorption of hydrogen at the required reducing gas phase conditions is probed by studying such processes using different charge states of the F-center.
I. INTRODUCTION
Industrial methanol synthesis from syngas (a mixture of H 2 , CO, and CO 2 ) is nowadays based on the so-called "low pressure ICI process" which utilizes a ternary mixture of Cu, ZnO, and Al 2 O 3 as catalyst.
1-3 It has been shown that the activity of the Cu/ZnO/Al 2 O 3 catalysts scales with the accessible Cu surface area, 4, 5 and it is generally accepted that the active site for methanol formation is metallic Cu. 6 Mechanistic studies for the Cu/ZnO/Al 2 O 3 catalysts, however, are a daunting task in view of both their complexity and the unresolved structural composition at industrial conditions. It is known that at the reaction conditions of methanol synthesis the Cu particles undergo dynamical morphological changes. In the reducing atmosphere of syngas the Cu particles start to wet the ZnO surfaces and reduced ZnO x is incorporated into the Cu clusters (which is commonly denoted as "strong metal-support interaction" or "SMSI" effect). [7] [8] [9] [10] [11] [12] One aim of the present study is to demonstrate the capability of a versatile technique to accelerate molecular dynamics simulations, ab initio metadynamics, 13, 14 to simulate directly intricate chemical processes which commonly underlie heterogeneous catalysis in terms of multidimensional free energy surfaces (FESs) and reaction mechanisms. By doing so, valuable novel insights into elementary steps of surface chemical reactions will be extracted from ab initio simulations which were previously not accessible due to methodological restrictions. For this purpose we have chosen a simplified yet chemically rich model system as a relevant test case instead of the a) Electronic mail: johannes.frenzel@theochem.ruhr-uni-bochum.de. b) Electronic mail: bernd.meyer@chemie.uni-erlangen.de. complicated ternary Cu/ZnO/Al 2 O 3 compound, namely, the well-known pure ZnO catalyst which has been used in industry for decades from 1923 to the mid 1960s in the so-called "high pressure BASF process." 15 In ultrahigh vacuum experiments pure ZnO shows a very low activity toward methanol formation. 16 This is due to thermodynamic limitations which require high pressure conditions. For more realistic pressures of about 40 bar it was shown that ZnO powders exhibit the same catalytic activity per unit area as the ternary Cu/ZnO/Al 2 O 3 catalyst at only a 100 K higher temperature. 17 A large body of literature is available on methanol synthesis on the pure ZnO catalysts to which we refer here in order to set the stage for the discussion that follows. 16, [18] [19] [20] [21] Notwithstanding the long history of investigations and the significant efforts by both experiment and theory, the mechanistic details of methanol synthesis in the BASF process are still in the dark. Still, several novel and crucial findings from quite recent experimental studies as well as from theoretical treatments now allow to gain deeper insights into the synthesis process. 17, 22, 23 
A. Recent progress
First of all, it is now firmly established, based on isotope labeling and in particular based on kinetics experiments, that at the industrial high-temperature high-pressure conditions, which are required by thermodynamics, methanol is predominantly produced from CO on the plain ZnO catalyst. 17, 24 This is distinctly different for the ternary Cu/ZnO/Al 2 O 3 compound where CO 2 is known to be the primary carbon source. [25] [26] [27] Still, hydrogenation of CO 2 at oxygen vacancies on the bare ZnO surface has been investigated theoretically up to recently. 28 Second, oxygen vacancy defects, i.e., F-centers, 29, 30 have been identified to be putative active sites on the oxygen terminated ZnO surface, ZnO(0001), for crucial elementary reaction steps in the catalytic cycle on bare ZnO. 17, 31, 32 The polar ZnO(0001) surface, however, is an unstable Tasker type(3) surface 33 and, thus, can be stabilized via hydroxylation, oxygen defects, reconstructions, or a combination of all these choices as discussed in Ref. 34 . Based on these grounds it has been shown recently that the thermodynamically preferred charge of F-centers on ZnO(0001), i.e., their oxidation state, can change from fully oxidized, F ++ , via F + to fully reduced, F 0 , depending on temperature and hydrogen partial pressure. 35 Furthermore, via homolytic hydrogen adsorption the ZnO(0001) surface can even sustain higher reduction states which were formally termed F − and F −− . 35 In particular, the F ++ defect, which has been used previously based on ad hoc assumptions as the starting point for modeling methanol synthesis on the bare ZnO catalyst, 17, 28 has been demonstrated to be relevant mostly at UHV conditions as realized in typical surface science experiments. 35 In stark contrast, the reduced F-centers from F 0 to F −− were found to be thermodynamically more stable at temperature and pressure conditions relevant to heterogeneous catalysis, 35 which are in the range of 300-400
• C and 250-350 bar for the BASF process. 3, 18, 36 Third, a complex interplay has been revealed concerning the oxidation state of the oxygen vacancy defect, the overall stabilization of the polar ZnO(0001) surface, and heterolytic versus homolytic dissociation of adsorbed H 2 from syngas. This implies that the charge state of these vacancies on the polar oxygen terminated ZnO(0001) surface can be controlled by the amount of adsorbed hydrogen, which in turn depends on the redox properties of the surrounding gas phase. 35 By homolytic adsorption and desorption one can switch between F ++ , F 0 , and F −− or between F + and F − , a process which is believed to occur during methanol synthesis.
Although homolytic adsorption of H 2 molecules at oxygen vacancies and thus formation of protonic OH species with a simultaneous reduction of ZnO is energetically more favorable, heterolytic dissociation and thus hydride formation, i.e., the formation of ZnH species with the hydride anion sitting inside an oxygen vacancy, turned out to be kinetically preferred. 35 As a result, hydride anions might be abundant and have a long lifetime on the defective surface such that F ++ /H 2 and F 0 /H 2 defects are very promising sources of hydridic hydrogen for methanol synthesis. 35 Subsequently, it has been found that in addition the adsorption properties of relevant molecular species, such as CO, formyl, formate, methoxide, and so forth, depend in a crucial way on the oxidation state of the F-center. 21 But even with this improved knowledge, theoretical studies of heterogeneous catalysis on defective ZnO surfaces are severely hampered by the underlying complexity. Extensive electronic structure calculations 17, 21, 22 have demonstrated that a host of different intermediates and transition pathways featuring acceptable activation barriers can be involved, which culminated into the assignment of "at least a plausible representative reaction path" 22 rather than a single reaction pathway from CO to CH 3 OH underlying methanol synthesis as thought traditionally. Furthermore, at the given elevated temperature and pressure reaction conditions fluctuation effects, entropy contributions, and gas phase effects cannot be neglected at the outset. For these reasons we employ here accelerated ab initio molecular dynamics (AIMD) (Ref. 37 ) in order to sample free energy surfaces in a reduced but multidimensional reaction coordinate space that is spanned by several generalized collective variables in order to host the complex reaction coordinate. This has been made possible by the advent of the metadynamics simulation technique 13 in its efficient extended Lagrangian formulation 14 as explained in Refs. 37 and 38.
In Sec. I B we will first gather the manifold of proposed species and putative reaction pathways for methanol synthesis on defective ZnO(0001) and formulate something that we call the "reaction network." Using the ab initio simulation techniques exposed in Sec. II, the complex surface chemical reactions that constitute the heterogeneous catalytic process starting from CO and ending up with CH 3 OH will be explored by taking a "bird's eye view" at the scenario. With this approach we will be able to characterize reaction intermediates and channels on the free energy surface, trying to keep at a minimum level any a priori bias as to the specific reaction pathways and products. On the basis of these overview results, we will again employ metadynamics to refine our mechanistic insights into specific reaction steps of the entire reaction network. Throughout this paper we will comment on the work flow when using the ab initio metadynamics approach for computational heterogeneous catalysis, which is particularly promising in view of the complexity of processes that involve chemical reactions at interfaces.
B. Reaction network
In the catalytic conversion of CO to methanol a wide variety of putative reaction intermediates (species) have been identified via experiment 16, 19, 23, [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] and proposed by theory. 17, [20] [21] [22] 49 These results indicate that the mechanism of methanol synthesis is not a straightforward process, but that several reaction channels may be open under reaction conditions. In the following we gather these results and formulate a complex reaction network that is spanned by the reaction channels interconnecting the individual species in terms of a schematic chart (see Fig. 1 ).
The complexity of this reaction network can be seen already in the first hydrogenation step. CO molecules from the gas phase may be converted to surface bound species via two completely different reaction channels, namely, (i) the formate pathway: a CO molecule inserts into a surface OH − group leading to formate (HCOO − ) species or (ii) the formyl pathway: the carbon atom of CO is hydrogenated to formyl (HCO − ) using a hydridic H anion (H − vac ) from inside the oxygen defect. In the first case the CO molecule is exclusively bound via a surface O anion, in the second case the C atom is coordinated to at least one surface Zn cation. These two fundamentally different bonding situations will be referred to as "O-bound" and "Zn-bound" intermediates. The name and formal charge state of the intermediates was chosen following the nomenclature for stable gas phase species. Reduction steps (via H − vac or involving two electrons from the vacancy site), proton transfer reactions, and configuration changes according to the assigned formal charges are indicated by arrows with a dot, plain arrows and arrows with a tilde, respectively (see text for further explanations). The Roman numbers correspond to the number of H atoms bound to carbon. The same classification is used in Fig. 3 . The reaction channels are termed formyl (cyan), formate (magenta), hydroxymethyl (green), methoxide (red), and hydroxymethoxide (blue) according to the main species involved. Structures corresponding to the species in the scheme as they appear in the explorative metadynamics simulation Mtd-I are depicted in the right panel. CO above an arbitrarily chosen initial F 0 /H 2 oxygen vacancy is shown in the uppermost row. With the stage of the hydrogenation of CO the formal charge state of the vacancy successively changes from the initial F 0 /H 2 via F 0 to F ++ after methanol has desorbed.
Continuing from formate and formyl as putative surface bound species the elementary reactions that lead to further branching of the network are hydrogenation of the carbon or protonation of the oxygen atom of the CO unit (see Fig. 1 ). One possible and common reaction intermediate of these channels, i.e., formate and formyl, is the formaldehyde species (H 2 CO). Beside of formaldehyde, the hydrogenation of formate can also lead to dioxomethylene (H 2 COO 2− ). By a protonation of the oxygen atom formate transforms into formic acid (HCOOH), and metastable hydroxymethylene species (HCOH) can be generated from formyl.
As the result of the third hydrogen transfer methoxide species (H 3 CO − ) can be formed from either formaldehyde or dioxomethylene. Indeed, many experimental studies have identified signatures of methoxide species after methanol decomposition on ZnO. 23, 41, [44] [45] [46] [47] [48] Accordingly, theoretical investigations find a highly stable key-lock type arrangement of strongly bound methoxide in oxygen defect sites. 17, 21, 22 Including the protonation to methanol in the final reaction step we refer to this process as the methoxide pathway. Alternatively, some other reaction mechanisms have been proposed in which the oxygen atom is hydrogenated first. 22 Starting from formaldehyde, a Zn-bound hydroxymethyl (H 2 COH − ) intermediate is created. When hydroxymethyl is finally converted to methanol it will be called the hydroxymethyl pathway. On the other hand, protonation of dioxomethylene leads to hydroxymethoxide species (H 2 COOH − ) and methanol is then produced in a final hydrogenation step. The reaction channel including the dioxomethylene and hydroxymethoxide species is referred to as the hydroxymethoxide pathway.
The names of the intermediates together with the assigned formal charges were chosen according to the nomenclature of stable closed shell gas phase species in the spirit of a useful but simple reference. The addition reaction of four H atoms to a CO molecule in the methanol synthesis process is then formally described as a sequence of two reduction steps, each accommodated either by a hydride anion H − vac or by a proton H + surf together with two electrons from the surface oxygen vacancy, and two protonations. The formal reduction and protonation steps resulting from this choice of charge states of the intermediates are indicated in Fig. 1 . The formal charges are indeed the charge states which we find for the intermediates when they are adsorbed on a fully oxidized surface, i.e., at F ++ centers. 21 the electronic structure and the electron density shows that the two electrons of the vacancy are strongly localized at the formaldehyde molecule where they occupy an electronic state which is significantly hybridized with the formaldehyde π * (antibonding) molecular orbital. Such a Zn-bound formaldehyde has a characteristic C−O single bond distance of 1.46 Å, and the carbon atom is fourfold coordinated in a tetrahedral configuration which is typical for an sp 3 hybridization. Thus, the molecule strongly resembles a doubly charged dianion. In this case it would be more appropriate not to attribute the second reduction step fully to the transformation of formaldehyde to methoxide or hydroxymethyl (as indicated in Fig. 1 ), but to assume that the reduction has already mostly taken place when the Zn-bound formaldehyde is formed in the oxygen vacancy. 21 These aspects, however, are not the topic of the present investigation that focuses on mechanistic issues, and we refer the reader to our preceding studies (Refs. 21 and 35) for a more detailed discussion on the localized versus delocalized behavior of excess charges on reduced surfaces.
II. COMPUTATIONAL DETAILS
A. Electronic structure method, slab model, and potential energy surface All calculations were carried out employing the CarParrinello Molecular Dynamics software package CPMD, 50, 51 thus using a plane wave pseudopotential implementation of density functional theory. 37 The gradient-corrected PerdewBurke-Ernzerhof functional 52 together with Vanderbilts ultrasoft pseudopotentials were used. 53 The 3d semicore electrons of the Zn atoms were explicitly treated as valence states, except for the fixed Zn atoms in the two bottom layers of the slabs, see below. A plane wave cutoff energy of 25 Ry has been shown to be sufficient to yielding well converged structures and energies. 54 All configurations on the potential energy surface (PES) were relaxed by minimizing the atomic forces with a largest component of the residual forces of less than 0.01 eV/Å. For the ZnO wurtzite bulk lattice parameters we obtained a = 3.282 Å, c = 5.291 Å, and u = 0.3792, 54 which agree well with the experimental values of a = 3.250 Å, c = 5.207 Å, and u = 0.3825. [55] [56] [57] The polar surfaces ZnO(0001) and ZnO(0001) are the terminating planes of a stacking sequence of hexagonal O and Zn layers along the crystallographic c-axis. 54 All surface structures were represented by periodically repeated slabs using an extended (4×4) surface unit cell. The thickness of the slabs was chosen to be four Zn-O double-layers (see Fig. 2 ), and the slabs were separated by a 15 Å thick vacuum region. Only the atoms in the upper three atomic layers were allowed to move, whereas the atoms in the lower five atomic layers were kept fixed at their bulk positions. The 3d semicore electrons of the fixed Zn atoms in the bottom two Zn layers were included in the pseudopotential. The interlayer spacings between the fixed bottom layers were set to the extrapolated values for an infinitely thick slab. 54 Surface hydroxylation is the energetically most favorable mechanism to stabilize the polar O-terminated ZnO(0001) surface at the top of the slabs and to remove all partially occupied dangling bonds. 34, 58, 59 We use a hydrogen coverage of 1/2 monolayer which results in an ideal charge neutralization of the polar surface and which has been shown to be the thermodynamically most stable structure at the temperature and pressure conditions of industrial methanol synthesis. 34 An oxygen vacancy on this ideal ZnO(0001) surface was created by removing an O atom from the top surface layer. The resulting defect site has an F 0 charge state. Other charge states, such as F −− , are obtained by homolytic adsorption or desorption of H 2 from oxygen atoms in the vicinity of the O defect site. The oxygen defect F 0 /H 2 is created by heterolytic adsorption of an additional H 2 molecule, i.e., a protonic hydrogen is placed on-top of a surface oxygen atom and the hydridic H atom binds to the center of the triangular zinc cluster in the vacancy (see Fig. 2 ). 35 Necessarily, the slabs are Zn-terminated at the bottom as there is no mirror symmetry plane parallel to the polar surfaces in the wurtzite structure. To enforce charge neutrality of the Zn-terminated bottom of the slabs we saturated the broken surface bonds with pseudohydrogen atoms carrying a nuclear charge of +3/2.
34, 35, 60 The final supercells contained more than 150 atoms including the H atoms at the top of the slabs and the pseudohydrogen atoms at the bottom. Due to the large size of the supercells the Brillouin zone sampling could be restricted to the -point. Transition state (TS) structures were obtained by a twostep procedure. First, we determined a minimum energy path between reactant and product state with the nudged elastic band (NEB) method using 15 movable images between fixed reactant and product structures. 61, 62 Subsequently, this approximate TS was refined using the Dimer method. [63] [64] [65] The activation energies E ‡ on the PES for the respective reaction were calculated by using E ‡ = E TS − E R , where E R and E TS are the total energies of the fully optimized reactant and TS configuration, respectively.
B. Finite-temperature simulations, free energies, and reaction pathways
All AIMD simulations were carried out employing the efficient Car-Parrinello (CP) propagation method 37, 66 within the CPMD software package. 50, 51 A fictitious mass of 700 a.u. was used for the electronic degrees of freedom, and the nuclear mass of deuterium was used for all H atoms, thus allowing a time step of 6 a.u. (0.145 fs). The NVT ensemble has been established in all AIMD simulations using a thermostat temperature of T 500 = 500 K. The corresponding thermal energy is k B T 500 = 0.043 eV = 4.15 kJ/mol. Both, electronic and nuclear degrees of freedom were thermostatted independently by using Nosé-Hoover chains. 67 The FESs have been sampled with the ab initio metadynamics method. 13, 37, 38, 68 To preserve the stability and efficiency of the CP propagation we employed the extended Lagrangian formulation of metadynamics.
14 Several generalized collective variables (CVs) were used to sample the FES in a reduced but multidimensional reaction coordinate space and to identify minimum free energy paths (MFEP) The time-dependent biasing potential in our metadynamics simulations was build up by Gaussian functions with a height ω (see Table I ) and width of δ = 0.05 along the dynamics of the CVs. New biasing functions were added after 15 AIMD steps when the actual point in CV-subspace was displaced by 1.5 δ following Ref. 69 . The added biasing potential along the metadynamics trajectory has been shown 70 to correspond to the FES in the subspace of the chosen CVs in the limit of sufficiently extensive sampling. Therefrom free energy barriers F ‡ were calculated with respect to free energy minima of reactants, intermediates, or products. Prior to metadynamics sampling the reactant states were equilibrated for at least 3 ps of AIMD in the NVT ensemble. During the simulations all nuclear degrees of freedom were thermostatted by a single Nosé-Hoover chain, 67 whereas the temperature of the CVs was controlled via velocity rescaling. In total we performed six different metadynamics simulations throughout this study denoted in the following by Mtd-I, Mtd-II, MtdIIIa, Mtd-IIIb, Mtd-IVa, and Mtd-IVb as defined in Table I where those individual parameters that differ from the general setup defined above are specified as well. On a technical note we mention that for the survey simulation Mtd-I the so-called multiple walker scheme 38, 71 was used in order to enhance the sampling of the underlying FES using simultaneously three coupled replica of the total system until the backward reaction of the synthesized methanol to CO was observed.
III. RESULTS AND DISCUSSION

A. Global exploration of the reaction network by metadynamics
We start our exploration of the reaction network by using the (4×4) supercell surface slab of the polar O-terminated ZnO(0001) surface which has been made charge neutral by hydroxylation (see Sec. II A for details). At this surface an F 0 /H 2 defect is introduced which holds a hydride anion in the oxygen vacancy according to Fig. 2 . The F 0 /H 2 charge state of the oxygen vacancy was chosen in order to be able to probe the full reduction process of CO to methanol in a single metadynamics run: the first reduction step can be accommodated TABLE I. Metadynamics simulation setups: collective variables (CVs) and height ω of the biasing functions (in units of k B T 500 = 0.043 eV). The reactant state of the systems is denoted using a shorthand notation explained in the text. In addition to the number of metadynamics (Mtd) sampling steps performed in each simulation, the underlying AIMD simulation (fictitious) "time" is reported. by the hydride anion H − vac and the second by the two excess electrons of the O vacancy. Each reduction step of CO is accompanied by an oxidation of the surface, i.e., a change of the charge state of the O vacancy from F 0 /H 2 to F 0 and F ++ . To close the catalytic cycle, the ZnO surface has to be re-reduced by hydrogen adsorption. In principle, this could happen at any point during the methanol synthesis process, but it is not part of our metadynamics exploration.
For modeling the reactant state we place a CO molecule pointing with the carbon atom toward the surface right above the F 0 /H 2 defect site. This corresponds to a weakly physisorbed CO on the catalyst surface. 21 In the reduction process of CO to methanol the hydrogen transfer reactions to the carbon atom possess the highest activation barriers and are thus rare events on time scales that are accessible by standard AIMD. The equivalent process of proton transfer to the oxygen side of the CO unit, on the other hand, is usually faster, as we observed in preliminary metadynamics simulations. Therefore we decided to accelerate only the coordination of carbon with hydrogen in the first explorative Mtd-I run as defined in Table I . Sampling the reaction subspace spanned by the two CVs c[C−H vac ] and c[C−H] as introduced in Sec. II B will enable us to distinguish between the formyl and the formate reaction channels. The two hydrogen sources which are initially present, i.e., "hydridic H − vac " from inside the oxygen vacancy and "protonic H + surf " stemming from surface OH groups, are chemically different species and might play mechanistically distinct roles in heterogeneous methanol synthesis on bare ZnO.
Using exclusively these two CVs would include standard AIMD sampling of an enormously large configuration space which would also account for the exchange of reactants/intermediates between the surface and the gas phase. In the initial exploration step searching for possible intermediates, chemical species, and putative reaction channels we are not interested in these desorption and readsorption processes involving also motion of the unbound reactants/intermediates in the gas phase, and, therefore, we try to avoid it here. In other, preliminary metadynamics simulations we observed successful reactions of CO with the H − vac species and the surface hydrogens H + surf at an average distance d(C−Zn * ) of roughly 4.2 Å (see Fig. 2 ). Despite the fact that large fluctuations were observed, we decided to use this value to constrain (and thus not to sample) the distance of the CO molecule with respect to the surface by allowing the C atom to move exclusively in a plane which is d(C−Zn * ) = 4.20 Å above the topmost fixed layer of Zn atoms. The height d(C−Zn * ) corresponds to a distance of the carbon site to the position where the oxygen would be located in the F-center of d(C−O vac ) = 0.87 Å. Clearly, with this setup we can only visit a constrained FES, but it allows for the necessary flexibility. It involves those degrees of freedom which are important contributors to the unknown reaction coordinate of the entire catalytic process within a manageable amount of computer time. Subsequently, additional metadynamics simulations using other sets of CVs, tailored for particular elementary reaction steps, will allow to sample relevant parts of the total FES and thus elucidate the respective chemical species, intermediates, and reaction channels including relative stabilities and barriers. It is stressed that the aim of this global simulation was to explore what type of reaction intermediates and transformation pathways can be identified by this procedure and neither to compute reliably the global FES nor barriers.
The "bird's eye view" FES obtained from this metadynamics simulation approach (Mtd-I) is depicted in Fig. 3 . It features a host of (local) minima and paths that lead from CO to CH 3 OH, i.e., from (0) to (III)/(III ). In this figure, the addition of the first hydrogen to the carbon atom, i.e., transfer of H is generated in two steps. We observe that CO coordinates initially to a bare surface oxygen (yielding a O-C-O surf subspecies), and subsequently the carbon takes up a hydrogen from a neighboring hydroxyl group. This pathway is different from the one described in the reaction network presented in Sec. I B, which was assembled from previous literature. There, in contrast, a concerted insertion of CO into a surface OH group was proposed.
In Fig. 3 Formaldehyde is generated from formyl via a proton transfer of a H + surf from a neighboring hydroxyl group to the carbon atom. Path C defines the second half of the formyl reaction channel in the reaction network in terms of a MFEP. The complete formyl reaction channel in Fig. 3 is path A followed by C. The formyl reaction channel is the only reaction path leading to the formaldehyde species that we observe in the exploration. Along paths D and E dioxomethylene species are generated from formate along two different reaction channels. Via path D a H In the third and final hydrogen transfer step to the carbon atom we reach FEM (III) along path F, as shown in Beside the reaction channels described so far we also observe interconversion of the reactive intermediates as follows. Once the CO molecule is activated, either via path A or path B, the hydrogen atoms bound to carbon can dynamically exchange with the hydrogen atoms of the surface OH groups. This hydrogen exchange occurs via back-reactions in which the number of hydrogen atoms at the carbon is reduced (deprotonation or reoxidation of the carbon). . So once a species corresponding to FEM (II) is formed, both formyl and formate will appear in FEM (I) and FEM (I ), independently of whether CO was activated initially via the formyl or via the formate pathway. This exchange is a feature intrinsic to our sampling setup which, however, has the advantage to enhance the mechanistic insights into the very first reaction step of CO, i.e., distinguishing the two hydrogen sources via two separate CVs according to the initial atom labeling. Furthermore, for the higher hydrogenation states (II) and (III) we also observe interconversion via back-reactions. After a hydrogen exchange, when the formally labeled H − vac finally binds to a surface oxygen and, thus, chemically has become a H In addition to the exchange reactions of hydrogens we also observe the exchange of oxygen atoms O CO and O surf when species containing a O-C-O surf structural unit, such as in formate, dioxomethylene, and hydroxymethoxide, are involved. The typical mechanism is that the O CO atom of the O-C-O surf unit bends down, goes into a bridging position between two Zn ions inside the oxygen vacancy and, after some time, kicks out the O surf atom which moves above the surface. by a second H − vac stemming from a decomposition of the dioxomethylene to formate. Thus, two "half-vacancies" are created, each of them containing a hydride anion. This configuration is very short-lived and soon afterward the formate is re-reduced to dioxomethylene. However, in the course of this process the two oxygen atoms can be exchanged or the position of the O vacancy can move to a neighboring lattice site. As a note of warning: both processes are intrinsic to our sampling setup in which the C atom is constrained to a fixed height above the surface, but they also might indicate interesting side reactions to be studied in detail in a separate work.
So far, only the coordination of the carbon end of CO with hydrogen was considered. In addition, it is observed that the oxygen atom of CO can be protonated and deprotonated during various stages belonging to different FEM along this extensive metadynamics simulation Mtd-I, which spans more than half a nanosecond of pure AIMD propagation time. Protonating this oxygen site nevertheless might come as a surprise, since its coordination with respect to hydrogen has not been included in any CV and, thus, has not been accelerated by the enhanced sampling procedure. This implies that protonation and deprotonation of the carbonyl oxygen atom is a rather fast degree of freedom compared to hydrogenating the carbon atom. Thus, it seems possible that the proton exchange with the oxygen atom of the CO unit is accessible via the standard AIMD sampling of all remaining degrees of freedom (i.e., other than the two CVs), taking into account that the sampling was quite extensive in our long metadynamics simulation. Although the information as to the protonation state of the oxygen site of the reactive molecular species is hidden since it cannot be deduced from the CVs, it can be extracted from analysis of the underlying configurations that contribute to the different FEM which are marked in Fig. 3 . Nevertheless, despite observing such events, one must be careful in interpreting the result since it cannot be taken for granted that the AIMD sampling has been sufficiently long to establish equilibrium of these comparatively fast reactions.
Analyzing now the molecular structures of reaction intermediates based on the underlying AIMD trajectories, we find the hydroxymethylene and formic acid species in FEM (I ), in addition to the above-mentioned formate and formyl. The hydroxymethylene species is observed only once as an intermediate in a series of dehydrogenation and hydrogenation reactions: a formaldehyde corresponding to FEM (II) decomposes to formyl and a H Protonation of oxygen was also observed at the very beginning of the simulation run for the initial state FEM (0) involving the bare CO molecule. Here, the sampling procedure generated a O-C-O surf species, where O surf is a non-hydroxylated surface oxygen atom in the vicinity of the vacancy. This species is seen to be protonated by a H + surf to yield HO-C-O surf , and in a second step, is hydrogenated by another H + surf to formic acid corresponding to FEM (I ). Formic acid seems to be a spectator species as it decomposes along the same channel as it was generated. O-C-O surf and HO-C-O surf are interesting species that are not part of the initial reaction network presented in Sec. I B.
In addition to a sequence of forward reactions, i.e., synthesis, and hydrogen exchange reactions, ab initio metadynamics also probes various backward reactions, i.e., decomposition reactions, and also side reactions. In particular, taking the synthesized methanol molecule in FEM (III) we see its decomposition to formaldehyde using the same reaction paths of the distinct forward reactions. Once formaldehyde is obtained from the back reaction it decomposes into CO and a hydride in the vacancy. Alternatively, again in decomposition reactions, we see the generation of molecular hydrogen. Formaldehyde reacts with a surface hydrogen atom. A H 2 molecule is formed which desorbs into the vacuum region of the slab, and a formyl species remains on the surface in the oxygen vacancy. The desorption of H 2 defines the end point of any simulation since this implies that the charge state of the oxygen vacancy changes from F 0 to F ++ so that no excess electrons remain which might accommodate any further reduction reaction.
The stepwise addition of hydrogen atoms to the carbon of the species located in FEM (0), (I)/(I ), (II)/(II ), and (III)/(III ) along the reaction toward methanol involves a successive change of the charge state of the defect site and, thus, an oxidation of the surface. We start from an F 0 /H 2 defect (which is isoelectronic to F −− ) and a CO molecule in FEM (0), proceed via the formal charge state F 0 , and end finally with methanol at F ++ corresponding to FEM (III). The F ++ charge state of the oxygen vacancy has been shown to be energetically very unfavorable for the temperature and pressure conditions of methanol synthesis. 35 This limits the setup of our exploration as it does not include an adsorption of hydrogen during the simulation and, thus, a possible re-reduction of the surface, leading to an optimal charge state of the oxygen vacancy for each species during the methanol formation process after the first reduction step has occurred. Therefore, it is necessary to study the species and reaction paths of the second reduction step at more reduced surfaces F 0 and F
−−
with further metadynamics runs which we will discuss in Sec. III B.
The main results of this section are, first, that ab initio metadynamics has been shown to be indeed able to generate all molecular species that have been discussed so far in the framework of methanol synthesis. In addition, interesting new subspecies and side reactions could be identified which have not been considered previously. Second, it provides the first direct evidence for the existence of a complex reaction network underlying the interconversion of the putative reaction intermediates in heterogeneous methanol synthesis. Third, various analyses provide us with a wealth of most valuable information about the general topology of the FES, ideas about possible reaction channels, and thus insights into the underlying reaction mechanism at elevated temperatures relevant to the industrial process by including entropy and fluctuation effects. As such, ab initio metadynamics has produced for the first time a complex reaction network for heterogeneous catalysis by purely computational means, i.e., Fig. 3 , leading from H 2 /CO to methanol on a bare zinc oxide catalyst, instead of constructing it schematically by hand as traditionally done, see Fig. 1 . This is promising in view of the quite limited (yet flexible and general) set of two CVs spanning the reaction subspace that allows one to locate the most probable stable and metastable reaction intermediates as FEM without any a priori knowledge of the underlying reactions. In addition to hydrogenation of the carbon atom being the slow degrees of freedom which have been driven by the chosen CVs, there are coupled fast degrees of freedom, i.e., protonation on the oxygen end, which are found to be sampled by this procedure as well. These features make ab initio metadynamics operating at finite temperatures particularly useful, thus complementing the traditional approach based on static calculations to find potential energy minima in conjunction with sophisticated optimization techniques to locate interconnecting first-order saddle points, i.e., transition states, at zero Kelvin on the PES.
B. The conversion of formaldehyde intermediates to methanol
The metadynamics exploration unraveled so far the existence of a complex reaction network leading from CO to CH 3 OH, but the dominating reaction pathway through this network could not be disclosed yet solely based on the CVs used in Mtd-I. The strategy in the following will be to focus on particular transformations within the full network using more tailored sets of CVs. Eventually, the entire mechanism can be reconstructed once all individual reactions are well understood akin to putting together all pieces of a puzzle. Fulfilling this ultimate aim would furthermore require a technique that is able to adjust the amount of hydrogen on the surface along the reduction or oxidation steps of synthesis or decomposition reactions, which is currently beyond reach in the framework of dynamical electronic structure methods.
In this section we will investigate the conversion of surface-bound formaldehyde intermediates to methanol via the methoxide and hydroxymethyl pathways. We have to recall that in the previous metadynamics exploration the carbon atom was constrained to move only in a plane parallel to the ZnO(0001) surface, mainly in order to exclude desorption into the gas phase (being something like an "unbound reference state") from the accelerated sampling. Now, in order to calculate the free energy barriers between putative intermediates along the methoxide and hydroxymethyl paths, we have to revisit specific parts of the reaction network and simulate them separately without imposing constraints on the carbon atom which restrict its height above the F-center to a fixed but arbitrary value. On the contrary, this degree of freedom must be sampled in the following.
The methoxide pathway
In the methoxide pathway formaldehyde (H 2 CO) is transformed to a methoxide species (H 3 CO − ) which is further protonated to methanol. We start from a tridentate formalde-FIG. 4. Free energy landscape for the hydrogenation reaction of a tridentate formaldehyde (left inset) bound to an F 0 center leading to a methoxide species (right inset). Only the forward reaction was sampled sufficiently so that only the forward free energy barrier can be estimated.
hyde configuration as the reactant state (see Fig. 4 ) with the oxygen vacancy being in an F 0 charge state. In its tridentate geometry the formaldehyde is bound to the three Zn atoms inside the defect site via one C-Zn and two O-Zn bonds. This configuration has been identified as a low energy structure on the PES of the reduced defective ZnO(0001) surface. 21 In previous calculations 17, 21, 22 the product state, methoxide bound in an F ++ defect, was even found to be the global energy minimum on the PES for methanol synthesis on ZnO(0001).
Throughout the manuscript we use for simplicity the nomenclature that intermediates are named according to stable gas phase species to which we have assigned fixed formal charges, whereas all excess electrons stemming from a reduction of the surface are attributed to the oxygen vacancy. On the basis of this convention the transformation of formaldehyde to methoxide would be formally a reduction step with an effective transfer of two defect electrons to the methoxide, accompanied by an oxidation of the O vacancy from F 0 to F ++ (see Fig. 1 ). For the present case of a Zn-bound formaldehyde adsorbed at an F 0 center, however, we have to recall that the two excess electrons of the oxygen defect are already strongly localized at the formaldehyde intermediate, which closely resembles a doubly charged di-anion (see Sec. I B; the same situation is observed for formaldehyde adsorbed at F −− which will be discussed in Sec. III B 2). From this point of view it would be more appropriate to call this configuration a formaldehyde di-anion adsorbed at an F ++ center instead of naming it a neutral formaldehyde molecule at F 0 . In a doubly charged formaldehyde di-anion the C atom is in the same oxidation state as in the final methanol molecule. Thus, if the formaldehyde intermediate is regarded as a di-anion, the second reduction step of methanol synthesis is not to be attributed to its transformation to methoxide, but has already taken place when the Zn-bound formaldehyde is formed in the O vacancy, 21 and the remaining chemical reactions toward methanol constitute proton transfers to the oxygen and carbon atom. Nevertheless, since for many other configurations the assignment of excess electrons between intermediate and defect is not so clear as in the case of formaldehyde, we refrain from introducing different charge states for the intermediates but stay with our nomenclature of naming the intermediates according to a fixed choice of charge (neutral formaldehyde in the present case) and assigning the excess electrons to the defect. In this way we avoid any confusion about the precise charge state of a surface structure, but some care has to be exercised about which hydrogen transfer reaction constitutes a reduction or a protonation.
Using metadynamics setup Mtd-II according to Table I we obtained the one-dimensional FES depicted in Fig. 4 . The hydrogen transfer reaction is accelerated using one CV which is the carbon coordination number with hydrogen c[C−H], whereas no other constraint is applied on the height or relative position of the molecule with respect to the oxygen vacancy. According to this FES, the free energy barrier for the forward reaction is at most F ‡ ≈ 0.6 eV. We also located the transition state (TS) on the underlying PES using NEB followed by the Dimer method (see Sec. II A), where an activation barrier of 0.81 eV and a reaction energy of −0.96 eV was obtained (see supporting material 72 ). Very similar values for the activation barrier and reaction energy were found using an embedded cluster model 22 instead of a periodic slab approach. Thus, the activation energy and free energy barrier are rather similar, which suggests that temperature and entropy have only a moderate influence on the energetics of this hydrogen transfer step.
The metadynamics simulation Mtd-II was stopped once the system crossed the barrier and a methoxide species was formed, i.e., the back-reaction from methoxide to formaldehyde was not sampled. Nevertheless, since in Mtd-II first the transformation of formaldehyde to methoxide occurred and not a reaction in which the initial carbon coordination number of c[C−H] = 2 is reduced, it can be concluded that the surface-bound formaldehyde at this F 0 oxygen defect site is stable against oxidation via hydrogen abstraction.
The methoxide species possesses the same oxidation state of the carbon atom as methanol itself. We did not try to sample the final protonation of methoxide to methanol in metadynamics run Mtd-II, since it is known that methoxide at F ++ centers represent a very deep minimum on the PES. 17, 21, 22 In the exploration Mtd-I (see Sec. III A) also a very deep FEM of at least −4.5 eV was obtained for methoxide at F ++ [see FEM (III) in Fig. 3 ]. Furthermore, while several protonation and deprotonation reactions of the oxygen atom were sampled in the metadynamics exploration Mtd-I of other reaction intermediates, this was seen only once for the very stable methoxide species. It is even likely that this single event only occurred because the height of the carbon atom above the surface was constrained in the Mtd-I run, which might have made the O atom artificially more accessible than in the equilibrium position of the methoxide. In all other cases, once a methoxide was formed in the Mtd-I exploration, it decomposed again back to formaldehyde.
Altogether, it is more likely that methoxide is not a mechanistic intermediate toward methanol production, but a rather stable trap state formed by a side reaction which blocks the defect site. At F ++ methoxide rather decomposes than being protonated to methanol. On the other hand, for the inverse process of methanol synthesis, the methanol decomposition on ZnO, F ++ centers will be highly active sites. The dissociative adsorption of methanol at F ++ , in which a proton binds to an adjacent oxygen anion and the methoxide fills the vacancy, is strongly exothermic with an reaction energy of 1.98 eV. Indeed, in methanol decomposition experiments, signatures of methoxide species are easily observed by vibrational or photoelectron spectroscopy. 23, 41, [44] [45] [46] [47] [48] 
The hydroxymethyl pathway
This part of the reaction is initialized using the same structural setup as in Sec. III B 1, but the number of collective variables is increased to three in order to explore the competition between different possible reaction steps. In addition to c[C−H], which drives the transfer of hydrogen to the carbon atom, the coordination number of the carbonyl oxygen with hydrogen, c [O−H] , is included, as well as the coordination of the same oxygen atom to the three Zn ions inside the oxygen vacancy, c[O − Zn]. The third CV is crucial in order to account for a possible desorption of formaldehyde, which could be a competing side reaction, and for accelerating the final desorption of the synthesized methanol molecule out of the oxygen vacancy site. In contrast to the explorative metadynamics, starting now from the Zn-bound formaldehyde, we have to accelerate c[O−H] because, here, the aim is to sample exhaustively also the protonation state of the carbonyl oxygen. Being only a moderately fast variable, protonation of the carbonyl oxygen has not been generated in the previous sampling Mtd-II using exclusively c [C−H] . In Mtd-II only a single CV was chosen in order to focus on the formation of the much discussed methoxide species. Now, however, using both c[O−H] and c[C−H], we are able to sample the full hydroxymethyl as well as the methoxide pathway to methanol, which both require protonation of the oxygen site. The simulation has full flexibility to explore whether first a hydrogen is transferred to the carbon followed by a protonation of the oxygen (methoxide to methanol) or vice versa (hydroxylmethyl to methanol).
The present setup of the O defect corresponds to an F 0 charge state of the vacancy site, but we also considered the F −− center with two more hydrogen atoms in the vicinity of the vacancy as explored in detail earlier. 35 The reason is, first, that the more reduced defect state F −− is known to possess a higher relative reactivity, 21, 22 and, second, the final charge state of the vacancy, when methanol is released from the surface, will be F 0 , so that we avoid the highly stable trap state of methoxide adsorbed at an F ++ defect. As described in Sec. III B 1, two of the defect electrons of the F 0 or F −− defect are already strongly localized at the Zn-bound formaldehyde molecule. The transformation of formaldehyde (H 2 CO) to methoxide (with formal charge H 3 CO − according to our nomenclature) or hydroxymethyl (with formal charge H 2 COH − ) via the methoxide or the hydroxymethyl pathway, respectively, corresponds to a proton transfer to either the carbon or oxygen atom of the formaldehyde together with a re-assignment of two defect electrons from the vacancy to the new intermediate. As a result, the initial charge state of the oxygen vacancy is switched from F 0 and F −− to F ++ and F 0 , respectively. Fig. 5 for the F 0 and F −− defect sites, respectively. In both cases the tridentate formaldehyde is converted into the hydroxymethyl species in the forward reaction, but never to methoxide. The backward reaction samples the same MFEP, i.e., the deprotonation of the oxygen atom. The free energy barrier for the formaldehyde to hydroxymethyl conversion is at most F ‡ ≈ 0.3 eV at both defect sites. The final protonation step of the hydroxymethyl species to yield methanol was investigated in two separate metadynamics simulations, Mtd-IVa/b, to be discussed below.
For both F-centers the MFEPs are found to involve very similar intermediates [see paths A in both Fig. 5(a) and Fig. 5(b) ] according to the FES sampled from Mtd-IIIa/b. In path A the oxygen atom of the tridentate formaldehyde reactant intermediate, denoted as species (1) in Fig. 5 , receives a proton from a surface hydroxyl group. The resulting tridentate hydroxymethyl species (2) is located in a shallow FEM which is connected by a rather flat part of the three-dimensional FES, illustrated by the wiggly lines in the figure, to the next FEM, i.e., species (3). Minimum (3) is found to correspond to a monodentate Zn-bound hydroxymethyl species, which is still completely hosted inside the vacancy site. A rearrangement of species (3) via MFEP B leads to FEM (4) . In this configuration the hydroxyl group of the Zn-bound hydroxymethyl has rotated out of the vacancy and the molecule is stabilized by hydrogen bonds to neighboring surface hydroxyl groups in the vicinity of the defect [see Figs. 5(a) and 5(b) ].
In addition to mapping the FES we also analyzed the underlying PES and located the TS structures for the formaldehyde to hydroxymethyl reaction (see supporting material 72 ).
The activation energies of these transition states ( E ‡ (F 0 ) = 0.67 eV and E ‡ (F −− )= 0.86 eV) are considerably higher than the maximum values of about F ‡ ≈ 0.3 eV found for the same transformations on the respective FESs, i.e., upon including thermal fluctuations and entropy effects. The hydroxymethyl species on F ++ and F 0 centers are energetically very similar to the respective reactant states, i.e., the tridentate formaldehyde configurations on F 0 and F −− . In particular, the relative differences of the free energy of product and reactant states is at most ≈ 0.2 eV and ≈ 0.1 eV on F 0 /F ++ and F −− /F 0 defect sites, respectively. The corresponding total energy differences E for these reactions as obtained on the PESs are much higher, i.e., E(F 0 /F ++ )= 0.53 eV and E(F −− /F 0 )= 0.70 eV. Thus, in the reaction of formaldehyde to hydroxymethyl species entropy effects have a non-negligible impact on the reaction barriers, which are severely reduced. Although from the reaction energies one would expect that formaldehyde preferentially reacts to methoxide (with E being strongly negative) and not to hydroxymethyl (positive E), the calculated activation barriers show that the protonation of Zn-bound formaldehyde intermediates at reduced oxygen defect sites is kinetically favored over its hydrogenation to the methoxide species. This suggests that at the conditions of industrial methanol synthesis the hydroxymethyl pathway is preferred over the methoxide pathway.
The final process of the formation of methanol from the Zn-bound hydroxymethyl intermediates and the desorption of methanol is analyzed with metadynamics setups Mtd-IVa/b, continuing from both of the different oxygen vacancies, F previously for the hydrogen transfer reaction in Mtd-II leading to methoxide. This CV allows protonation and deprotonation of the carbon atom, whereas desorption of the surfacebound intermediates and protonation of the oxygen atom is not accelerated. The corresponding FESs of the deprotonation/protonation of Zn-bound hydroxymethyl intermediates are depicted in Figs. 6(a) and 6(b) for the F ++ and F 0 center, respectively. Note that the final reaction could also be sampled with the setup using three collective variables as in MtdIIIa/b, but they would span a much larger reaction subspace to be sampled, thus requiring a significantly increased computational effort. Still, the one-dimensional simulations will provide us with the free energy barrier of the specific process of interest.
For this transformation, the two different oxidation states of the F-center yield qualitatively different chemical reactions. In the metadynamics simulation Mtd-IVa at the F ++ defect the carbon atom of the hydroxymethyl group is found to be deprotonated into a formyl-like species with a reaction barrier of at most F ‡ ≈ 1.0 eV. This decomposition turns out to be the MFEP that leads out of the FEM of the hydroxymethyl intermediate along the reaction coordinate c [C−H] . Therefore, the protonation of hydroxymethyl with methanol as product must have a higher free energy barrier. We calculated the corresponding activation energy of the hydroxymethyl to methanol reaction on the PES and obtained a value of E ‡ = 1.26 eV (see supporting material 72 ). Thus, methanol formation from hydroxymethyl bound at this F ++ defect is kinetically less favorable than its decomposition to surface-bound formyl species. On the other hand, in a recent study based on static calculations a Zn-bound metastable hydroxymethyl species at the same F ++ center was proposed as a possible reaction intermediate leading to methanol. 22 In contrast to the F ++ center, hydroxymethyl bound to a Zn atom in an F 0 vacancy site is easily protonated to yield a chemisorbed methanol molecule. This reaction has a small free energy barrier of less than F ‡ ≈ 0.2 eV [see we can conclude that the F 0 defect is the most favorable charge state of the oxygen vacancy for the final conversion of hydroxymethyl to methanol at the conditions of methanol synthesis.
In summary of Sec. III B, formaldehyde adsorbed at F 0 centers easily transforms into Zn-bound hydroxymethyl anions accompanied by an oxidation of the O vacancy to F ++ . At an F ++ site, however, the back-reaction of hydroxymethyl by decomposition is kinetically preferred compared to the forward reaction and methanol formation. Either the F ++ center has to be reduced to F 0 by hydrogen adsorption before a low barrier process from hydroxymethyl to methanol becomes accessible, or the last two hydrogenation steps of methanol synthesis have to start immediately from formaldehyde adsorbed at an F −− site. On the basis of the calculated MFEPs and their estimated free energy barriers the hydroxymethyl pathway is kinetically favored compared to the methoxide pathway. In contrast to these results on the more reduced F-centers, the latter pathway has been suggested earlier 17 to be a possible route to methanol from CO using the fully oxidized F ++ center. Based on the present simulations the latter pathway most probably is something like a "dead end": methoxide is a strongly bound species which blocks the active site by not allowing for protonation of the oxygen end which sticks down into the vacancy where it is strongly bound to the three Zn atoms therein. Furthermore, in Ref. 22 the hydroxymethyl pathway was also found to be the favored one but starting from formaldehyde at the F 0 defect site and ending with methanol and an F ++ center. This is in contrast to our result since we observe at the F ++ center decomposition of the hydroxymethyl intermediate whereas methanol is produced readily using the more active F 0 site.
IV. CONCLUSIONS
The heterogeneous catalytic process of methanol synthesis from CO on defective zinc oxide surfaces is a complex sequence of surface chemical reactions which involves a network consisting of numerous reaction intermediates. Furthermore, the preferred oxidation state of the defects, being oxygen vacancies, depends on the thermodynamic conditions of the gas phase in contact with the catalytic surface and, in addition, changes along the reaction pathway. In order to shed light on this reaction network we use ab initio metadynamics simulations in a two-stage approach in order to explore free energy landscapes at high temperatures as relevant for the industrial process. Initially, a two-dimensional free energy surface is sampled but constraining the reactant species, CO, to move in a plane parallel to the surface; an appropriate height has been determined by preliminary test simulations. In this explorative mapping of the gross free energy landscape metadynamics sampling is found to generate, by itself, the molecular species previously considered and yields, furthermore, additional subspecies. Subsequently, this "bird s eye view" at free energies is supplemented by individual one-to three-dimensional metadynamics investigations of the allowed transformations of individual species. The latter are obtained from the most important free energy minima as detected previously in the exploration stage. Using this stepwise strategy the requirement is circumvented to change the charge state of the F-center during the simulation as hydrogen is consumed (or generated in back reactions) when reducing CO using formally two H 2 molecules to yield CH 3 OH.
When applied specifically to hydrogenation of CO at an F 0 /H 2 oxygen vacancy on the O-terminated ZnO(0001) surface, the metadynamics exploration procedure successfully "synthesized" a host of different surface-bound molecular species, in particular, formate, formyl, formic acid, hydroxymethylene, formaldehyde, dioxomethylene, hydroxymethoxide, hydroxymethyl, methoxide, and methanol. From the mechanistic point of view this exploratory survey suggests that formaldehyde intermediates are obtained via the formyl reaction channel but not via the formate pathway. Once formaldehyde species are produced the reaction network offers two possible channels toward the final product, methanol, which are the hydroxymethyl and methoxide pathways. For these two pathways two different charge states of the O vacancy, F 0 and F −− , were considered in separate metadynamics simulations in order to account for the consumption of hydrogen due to the reduction of formaldehyde and to probe the influence of the reduction state of the surface on the reaction. The generated free energy surfaces and the observed free energy barriers suggest that hydrogenation of formaldehyde occurs at both F 0 and F −− defects via the hydroxymethyl intermediate. According to these simulations the well-known methoxide species is an extraordinarily deep minimum and seems to be a spectator to methanol synthesis. In contrast to methoxide being a rather inert trap state, the above-mentioned hydroxymethyl species H 2 COH − is an active intermediate state from which the final reaction step to methanol is energetically favored at the F 0 defect. Finally, our experience has been that ab initio metadynamics is a versatile (though computationally demanding) technique for investigating truly complex surface chemical reactions. In particular, it allows one to synthesize-in the virtual lab-the reaction products via a sequence of intermediates including the exploration of side reactions and back reactions. By construction ab initio metadynamics unveils reaction mechanisms at elevated temperatures, such as those required in industrial processes, by generating the underlying free energy surfaces in multidimensional spaces. This approach to computational heterogeneous catalysis goes beyond yielding the elementary steps one-by-one by unraveling multiply connected reaction networks that might include competing or branching reaction channels.
